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A S S T R A C T 

A wide variety of human diseases have been associated with defects in mitochondrial DNA 
(mtDNA). The exact mechanism by which specific mtDNA mutations cause disease is unknown 
and, although the disparate phenotypes might be expiained on the basis of impaired 
mitochondrial gene function alone, the role of altered nuclear gene expression must also be 
considered. In recent years, the experimental technique of depleting cells of mtDNA by 
culturing them with ethidium bromide has become a popular method of studying mitochondrial 
disorders. However, ajgar t from depleting m tDNA, ethidium bromide may have many other 
mt r a ^! ,u J ar and nuclear effects The aim of the present study was to investigate the effects of 
ghjfflijmb^ treatment on nuclear 

thyroid cell line was depleted of mtDNA by culture inetfi id ium bromide, and differential display 
reverse tr anscri ptas e-PCR (D DRT-PCR) was then em ploy ed w 

be tween wild-type, mtDNA-replete (/> ') and ethidium bromide-treated, mtDN A-depleted (jP) 
?? , ! s ^ Ex P ress!on °f tne majority of nuclear-encoded genes, including those for su bun its involved 
in oxidative phosphorylation, remained ^unaffected by the treatment. Seven clones were found 
to be underexpressed; three of the clones showed significant similarity with sequences of the 
human genes encoding RNase L inhibitor, human tissue factor and ARCNI (archain vesicle 
transport protein I), a highly conserved species which is related to vesicle structure and 
trafficking proteins. We conclude that the effects of ethidium bromide treatment on nuclear 
gene expression are not simply limited to changes in pathways directly associated with known 
mitochondrial function. Further studies will be required to elucidate which of these changes are 
due to mtDNA depletion, ATP deficiency or other disparate effects of ethidium bromide 
exposure. Given that most genes appear unaffected, the results suggest that depleting cells of 
mtDNA by ethidium bromide treatment is a valuable approach for the study of mitochondrial 
mutations by cybrld techniques. 



INTRODUCTION 

Defects in mitochondrial DNA (mtDNA) have been 
implicated in a variety of human diseases, including 



Leber's hereditary optic neuropathy, Kearns Sayre Syn- 
drome and the mitochondrial encephalopathy, lactic - 
acidosis and stroke-like episodes (MELAS) syndrome 
[1], More recently, mtDNA defects have also been found 
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in pedigrees with diabetes and deafness [2-4], Although 
there is little doubt that certain mtDNA defects arc 
pathogenic, the precise mechanism by which they cause 
disease is unclear. A number of issues relating to 
mitochondria] disorders remain poorly understood. 
First, the same mtDNA mutation may be associated with 
a wide range of clinical phenotypes. Thus the A-to-G 
substitution at position 3243 in the mitochondrial 
tRNA I,M(, rR) gene has been reported in patients with 
life-threatening MELAS syndrome [5], diabetes and 
deafness (but no other neurological deficit) and gesta- 
tional diabetes, and in apparently healthy maternal 
relatives of affected individuals [2,3], ft has been sug- 
gested that these differences are a manifestation of 
hetcroplasmy and segregative replication, by which 
different cells and tissues in the body have different 
proportions of mutated mtDNA [6]. Although this is a 
plausible explanation, the muscle of some patients with 
only diabetes and nerve deafness has been shown to 
harbour the 3243 mutation at levels similar to those 
reported in patients with clinically apparent myopathy 
[7]. Tt should be noted, however, that this docs not 
preclude differences in the overall quantity of mtDNA 
between individuals or differential segregation of wild- 
type and mutant mtDNA as an explanation for the 
disparate phenotypes. Nevertheless, the same clinical 
phenotype can result from a variety of different mtDNA 
defects at different positions within the genome. Thus 
Leber's hereditary optic neuropathy has been associated 
with at least six primary mtDNA defects in widely 
separated regions of the mitochondrial genome [8,9]. 
One hypothesis is that mtDNA defects cause impaired 
oxidative phosphorylation and, once intracellular ATP 
levels fall below a particular threshold, disease results. 
The different phenotypes are seen as a manifestation of 
the variable hetcroplasmy and ATP requirements in 
tissues of different individuals harbouring mtDNA 
mutations. 

An alternative hypothesis is that the disease phenotype 
results from the altered expression of nuclear genes, 
driven either by ATP deficiency or by the influence of 
mutated mtDNA. Although the mitochondrial genome 
may be considered to be isolated from the nucleus, a great 
deal of communication between the nucleus and mito- 
chondria occurs. The nuclear genes encode all the factors 
responsible for controlling mtDNA replication and 
transcription [KM 3]. Diseases associated with mtDNA 
depletion [14,15] and multiple mtDNA deletions [16-18] 
are autosomally inherited. This suggests that nuclear gene 
defects may be manifested as mitochondrial disorders, 
and confirms the importance of the nuclear genome in 
mtDNA physiology. Likewise, mtDNA may affect 
nuclear DNA expression. In yeast, the quality and 
quantity of mtDNA has been shown to modulate the 
levels of nuclear-encoded RNAs [19] and, in cultured 
chicken cells, subtractive hybridization techniques have 



recently shown that inhibition of mtDNA expression is 
associated with the up-regulation of a number of nucJear 
genes [20]. 

I n recent years the t echniqu eof depleting cells of 
m ^!^L^™J^H^ to investr^^ThTlfnecliP" 

anisms underlying mjtochondriai dlsorde7snpi7ntl6^ 
found tKaTThc addition of ctRdmm "bromide (EtBr) to 
culture media resulted in a progressive depletion of 
intracellular mtDNA levels, leading eventually to comp- 
lete and permanent loss of mtDNA. Such celJs (termed p° 
cells) remain viable in culture due to anaerobic meta- 
bolism, but are auxotrophic for uridine. Although a 
widely used technique, the precise mechanism by which 
EtBr results in the p° state is unknown, but it is accepted 
that the compound has a wide variety of other effects on 
cells, including the promotion of nuclear gene defects. 

The aim of the present study was to investigate the 
effects of EtBr exposure in a human thyroid cell line. T he~ 
molecular differences in gene expression between normal 
(wild-type) cells 0> + ) and mtDNA-depletcd cells (//») 
were studied using the techniques of mRNA differential 
display reverse transcriptase-PCR (DDRT-PCR) [22] 
and Northern blot analysis. 



METHODS 
Cells 

Cells may be depleted of mtDNA by co-culture with 
EtBr. This technique has been used prevrouslyTo^^^iicT" 
human fibroblast and myoblast cell lines totally devoid of 
mtDNA (/j u ) [21]. Such/>° cells remain viable by anaerobic 
glycolysis provided that excesses of glucose, uridine and 
pyruvate are added to the culture medium. Since mtD NA 
disord ers have been associated with endocrine d ejects, 
we chose ^manipulate a human t hyroid cell line. Briefly^ 
a simian-virus-40-transformed human thyroicTcell line 
(Ori3) [23] was maintained in RPMl 1640 medium 
supplemented with 1 mM pyruvate, 50 /^g/ml uridine, 
25mg/ml glucose and 10% (v/v) fetal calf serum. A 
single colony of cells was allowed to become confluent in 
a cell culture flask and then was divided into two separate 
10 cm-diam. culture dishes. EtBr (50 nM) was added to 
the culture medium of one of the dishes. The cells were 
then maintained in culture for a total of approx. 30 cell 
divisions with successive passage into either normal (p* 
cells) or EtBr-supplemcnted (p° cells) medium. Prior to 
mRNA extraction, EtBr was excluded from the medium 
of p n cells, so that all cells had been growing in identical 
media for at least four passages. 

mRNA preparation 

A single 10 cm-diam. culture dish of confluent cells 
[approx. (2-4) x 10* cells] was used for rnRNA isolation. 
An acid guanidinium thiocyanate/phenol/chloroiR>7m 
RNA extraction kit was used (Ultraspec; Biotecx Labs, 
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Figure I Amplification of mitochondrial and nuclear gene 
sequences in p° and p* cells (a) and Northern blot analysis of 
mitochondrial!/ encoded subunits of oxidative phosphor- 
ylation in p° and p< cells (b) 

(a) Lane I. 100 bp molecular size ladder; lanes 2-4. mitochondrial tRNA l ^ ul,R ) 
gene (428 bp) for p\ p 9 and negative control cells respectively; lanes 5-7, 
nuclear ApoCW gene (400 bp) for p\p 9 and negative control respectively, (b) 
C0X3, cytochrome oxidase 3; NDl, NADH dehydrogenase complex I. After 
stripping the membranes, GA PDH was used as the control nuclear gene probe to 
con firm equal RNA l oading. Molecular sizes of RNAs are shown in kb. 



Witney, Oxford, U.K.). tnRNA was routinely treated 
with DNase I to remove any DNA template. 



DDRT-PCR technique 

Reverse transcription of RNA was carried out essentially 
as described by Liang and Pardee f22]. Four individual 
anchor primers were used to generate cDl^^T u Ap, 
JT 1 ,AC, dT l ,CT Three 1 0-mer arbitrary"" 

primers were used in conjunction with each anchored 
primer for amplification of c^NSri'Re laPSt^^pnmer 
sequences werFasTS CTTGATTGCC; Arb 

2, GAATACGCCG; Arb 3, GATCTCAGAC. 

PGR was carried out in a total volume of 20 ;<l, which 
contained 2.5 //I of dT^MN, 0.5 /<M of the respective 
arbitrary upstream primer, 2 //M of each dNTP, 2 /<Ci 
(60 nM) of PP]dATP, 10 mM Tris/HC:i (pH 8.3), 



50 mM KC1, 1.5 mM MgCI., and 1 unit of Taq 
polymerase. A total of 40 amplification cycles were 
performed at 94 °C for 30 s, 40 °C for 2 min and 72 °C 
for 30 s, followed by an extension period at 72 °C for 
5 min, vsing an Omnigene thermocycler (I Jybaid, 
Teddington, U.K.). Each PCR reaction was carried out in 
triplicate. 

Gel electrophoresis 

PCR samples were mixed with an equal volume of 90% 
(v/v) formamidc dye solution and heated to 80 °C for 
2 min, and a 3.5 //I aliquot was run on a 6% (w/v) 
polyacrylamide/urca gel in Triborate buffer for approx. 
3.5 h at 60 W (potential difference < 1700 V). The gel 
was then transferred to 3M Whatman paper, dried on a 
gel dryer (Appligcne Oncor, Durham, U.K.) and exposed 
to X-ray film overnight at - 70 °C. 

Amplification of DNA fragments 

Differentially displayed fragments were eluted from the 
dried gel, cthanol -precipitated and re-amplified in a 
reaction volume of 40 p\ using the same PGR conditions 
as described above, except that the dNTP concentrations 
were increased to 20 /jM, the concentration of the 
arbitrary 10-mer primer was reduced to 0.2 //M and the 
isotope was omitted. 

Cloning and screening of DNA fragments 

Re-amplified PCR products were cloned using a TA 
oycrT^^vecTo^ (LigATor; R&D Systems, 

Abingdon, Oxon., U.K.). Briefly, PCR products gener- 
ated from eluted cDNAs were ligated into the pTAg 
pi asm id and transformed into competent cells (supplied 
by R&D Systems). Clonality of cDNAs was ensured by 
isolation of plasmid DNA from individual recombinant 
clones. Specific DNA fragments were then PCR-am- 
plificd, purified and sequenced using an automated Taq 
polymerase reaction. Sequence data were analysed using 
the FASTA program to screen the EMBL, GenBank and 
EST (expressed sequence tag) libraries via the MRC 
I IGMP Research Centre (Cambridge, U.K.). Once char- 
acterised, cloned cDNAs were used as probes in North- 
ern blots to confirm the differential expression of their 
respective mRNAs. 

Northern blot analysis 

Samples of total RNA (10 p\ each) were heated to 65 °C 
prior to seeding in lanes of a 1% (w/v) agarose/ 
formaldehyde gel, followed by electrophoresis in I % 
MOPS buffer at 60 V for approx. 2 h. 

Labelling of PCR product probes was performed using 
the Prime-a-Genc labelling kit (Promcga) incorporating 
P 2 PJdATP. 1 lybridization was carried out using 25 ng of 
heat-denatured labelled probe per 10 ml of hybridization 
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buffer comprising 6 x SSC, 5 x Denhardt's solution, 
100 //g/ml denatured salmon sperm DNA and 0.5 % SDS 
(1 xSSC is 0.15 M NaCl/0.0J5M sodium citrate, and 
lx Denhardt's is 0.02% FicoII 400/0.02% polyvinyl- 
pyrrolidone/0.002% BSA). Membranes were incubated 
for approx. 16 h at 60 °C. The blots were then washed 
twice in 1 xSSC/0.1% SDS at room temperature for 
15 min, followed by two washes with 0.25 x SSC /0. 1 % 
SDS at 55 °C for 30 min prior to exposure to X-ray film. 

In addition to the PGR product probes generated from 
the DDRT-PCR procedures, Northern analysis was also 
performed using probes for mitochondrial transcription 
factor 1 (mtTFA; donated by Professor D. Clayton, 
Howard Hughes Medical Institute, MD, U.S.A.), cyto- 
chrome oxidase VII (pCox 7.22; donated by Dr. E. 
Schon, Columbia University, New York, NY, U.S.A.) 
and thyroglobulin [23]. Control probes [either /?-actin or 
gIyceraldehyde-3-phosphate dehydrogenase (GAPDH)] 
were used on all blots to confirm equal RNA loading. 



RESULTS 
mtDNA depletion 

Ori3 cells grew well in media supplemented with EtBr. 
After 30 cell divisions, removal of uridine from the 
culture medium resulted in cell death; undine depen- 
dence is a well -recognized feature of/? 0 cell lines. Uridine 
dependence was observed even several months after p° 
cells were removed from EtBr exposure, suggesting that 
the mtDNA depletion was permanent. Lack of mtDNA 
was confirmed by an inability to generate PCR products 
of specific mitochondrial genes using template DNA 
extracted from the EtBr-treated cells (Figure la) and the 
absence of detectable mtDNA gene products in Northern 



blot analysis of RNA extracted from these cells (Figure 
lb). 



Differential display gels 

Three arbitrary 10-mer primers were screened against 
four T I2 MN primers. Each differential display iane 
yielded between 100 and 200 discrete bands. We identi- 
fied seven clones which were down-regulated in p° cells 
(Table 1 and Figure 2). The differential expression of five 
of these clones was confirmed by Northern blot analysis 
(Figure 3), but the other two did not produce detectable 
bands in either p+ or /?° cell lines. We also identified two 
unknown cDNAs on differential display gels that ap- 
peared to show increased expression in p° cells (Table 1 
and Figure 2). However, the differential expression of 
these clones could not be substantiated by subsequent 
Northern blot analysis. 

Control probes used in Northern blot analysis in- 
cluded jg^tin^APDH^and clone numbers 008/7 and 
011/1. Clones 008/7 and 011/1 were generated from 
fragments which showed equal expression on differential 
display gels in both p+ and p° cell lines. Sequencing of 
these clones showed that they had > 80% identity with 
human ribosomal protein S5 mRNA and a human 
housekeeping gene (QXZ7FS) respectively (Table 1). All 
control probes showed equal expression in both p+ and p° 
cell lines (Figure 3). 

Of the seven differentially expressed clones that 
showed reduced expression in p° cells, three were similar 
to known human gene sequences [RNase L inhibitor, 
ARCN1 (archain vesicle transport protein 1) and human 
tissue factor] and the four others matched with previously 
sequenced cDNAs from currently unknown genes (Table 
1). The two clones that demonstrated increased ex- 



Table I cDNA clones Isolated using DDRT-PCR analysis of p° and p+ thyroid cells 

ley to expression in p* cells: - reduced expression; +, increased expression; ^= , equal expression in /> d and ceifs. 'Identity (%)* gives the percentage identity 
of the doned fragment with the indicated DNA sequences in the Genbank (GB) or EHBL (EM) databases (only the best match is shown). The length of sequence overlap 
is given in parentheses. EST, expressed sequence tag. 







Expression in 


Size of 




Clone no. 


Primers 


pP cells 


fragment (bp) 


Identity (%) 


001/16 


pT 0 AG/Arb 2 




608 


95% (428 nt); RNase L inhibitor (2-5A binding protein), 2861 nt; GB: HSBINDPR X74987 


003/15 


pT l2 CA/Arb 3 




552 


77% (452 nt); EH: HSI2730I5 AA480855 aa282a2.sl ; 457 nt cDNA done 


00}/ 16 


pTjjCA/Arb 3 




555 


70% (335 nt); EH: HS49JI0 Z84572; 74413 nt cDHA done 


003/20 


pT l2 CA/Arf> 3 




550 


73% (467 nt); GB: W6368I zd30d0l.sl ; 608 nt cDNA done 


004/2 


pT l2 CA/Arb 3 




414 


80% (339 nt); human tissue factor, 13865 nt; EH: HSTFPB J02846 


00S/1 


pT, 2 CA/Arb t 




410 


77 % (371 nt); EH: HSKT00848 H78700; 378 nt EST 


005/3 


pT„CA/Arb 1 




430 


76% (337 nt); ARCH, 3701 nt; GB: HSARCP5 X81 198 


006/3 


pT l2 CA/Arb 1 


+ 


550 


95% (184 nt); EH: KSAA362I6 AAI362I6 mBMUl; 465 nt cDNA done 


007/3 


pT 12 CA/Arb 3 


+ 


220 


78% (213 nt); GB: AAI368I zl02a05.il; 475 nt cDNA done 


008/7 


pT l2 AG/Arb 2 




384 


80% (228 nt); human ribosomal protein $5, 705 nt; GB: HSUI4970 1/14970 


Oil /I 


pT l2 AG/Aib 2 


=5 


310 


97% (171 nt); human housekeeping gene (QIZ7F5), 3IS8 nt; GB: HUHHSKPQZ7 HBI806 
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Figure 2 Three separate examples of differential display gels showing the presence of differentially expressed cDNA fragments 
in p° and p* cells 

Sample lanes are shown in duplicate. Signals showing altered expression are marked by arrows. Fragments with known identity are indicated as follows; TF. human 
tissue factor; RLI. ftNase L inhibitor; ARCN, Archain vesicle transport protein. 




Figure 3 Northern blot analysis of p° and p s ceils 

(a) Differentially expressed cDHAs. From left to right: human tissue factor (TF), RNase L inhibitor (RLI), ARCN and NADH dehydrogenase complex I (NDI). (b) Hon- 
differentially expressed cDNAs. From left to right: GAPDH, ribosomat protein $5 (RpsS). human housekeeping gene (HHK) and nuclear-encoded cytochrome oxidase 7 
(C0X7). Molecular sizes of RNAs (in kb) are shown on the left of each panel. 



prcssion in p° cells showed > 80% identity with un- 
identified cDNA clones. However, as noted above, we 
were unable to confirm this increased expression by 
Northern blot analysis. 

Northern blot analysis confirmed the absence of 
mitochondrially encoded cytochrome oxidase 3 and 
NADH dehydrogenase complex I subunits from the p° 
cells (Figure lb). None of the differentially expressed 
clones isolated from the DDRT-PCR gels represented a 
mitochondrial gene. This is not surprising, since the 
mitochondrial genome only encodes 1 3 enzyme subunits, 
whereas > 15000 mRNA species are thought to arise 
from the nucleus. Thus the technique will be insensitive 
to the small number of mitochondrial mRNA sequences 
compared with the large number of cDNAs of nuclear 
origin. Northern blot analysis of the nuclear-encoded 



subunit of the mitochondrial cytochrome oxidase 7 
enzyme and mitochondrial transcription factor 1 showed 
equal expression in both /;° and /? + cell lines (Figures lb 
and 3). No thyreoglobulin mRNA could be detected in 
either cell type. 



DISCUSSION 

The supplementation of culture medium with EtBr 
resulted in the production of a human thyroid cell line 
that was depleted of mtDNA. Unfortunately, as is 
common with human endocrine cell lines, de-differ- 
entiation took place during the repeated passages re- 
quired for these experiments, and thyroglobulin mRNA 
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could not be detected in these cells. The technique of 
DDRT-PCR proved a robust and reproducible method 
to compare mRNA expression between wild- type and 
EtBr-trcatcd cell lines. With the primers used in this 
study wej dentificd s even clones which showed decreased 
expression in the cells, cultured with JEtB r7Two^ clones 
appeared to show ovcrcxpression in the treated cells, but 
it was not possible to confirm this finding on repeated 
Northern analysis. A number of conclusions may be 
reached from these findings. First, t he vast ma io r jtv _of 
mRN As within a c ell arc quantitatively unaffected by 

These include those for the nuclear-encoded subunits of 
the mitochondrial oxidative phosphorylation pathway, 
such as cytochrome oxidase 7. Although initially sur- 
prising, such a finding may indicate that these nuclear 
genes are activated constitutively and that expression 
occurs irrespective of mtDNA or ATP levels within the 
cell. Secondly, although we did not use all the possible 
primer combinations in this study, thejotal number of 
jffifcrenti a lly express ed genes is likely toTxeTalrly small, 
and amenable to further investigation by currently^ 
av aila ble techniq t^ to this, concerns 

about the validity of EtBr-gcnerated />° cell lines in the 
study of mitochondrial disorders caused by the possible 
generation of widespread 'bystander' nuclear gene defe- 
cts seem to be at least partly alleviated. Thirdly, although 
wc were able to positively match the sequences of three 
differentially expressed clones to known genes, the 
majority represented sequences deposited in cDNA and 
EST (expressed sequence tag) libraries, for which the full 
gene and function are unknown. As the Human Genome 
Mapping Project develops, these 'anonymous* mRNAs 
should become more clearly defined, but currently the 
only approach to clarifying the results of DDRT-PCR 
would be to attempt sequencing and characterization of 
the full-length cDNAs derived from the differentially 
expressed clones. 

It is important to be aware of the limitations of this 
technique. In the present study, reproducible results 
could only be obtained if differential expression was 
defined as a clear and unequivocal difference between 
adjacent lanes of a gel. T^s_means that wc arc likely to 
have feund only those m for which there is a large 

difference, in cxRrcssjon_ those almost totally" 
switched off by mtDNA depletion). It is not possible to 
exclude subtle changes in other genes, and it would be 
simplistic to assume that only large changes in mRNA 
levels are of pathophysiological significance. 

Despite these limitations, we identified three clones 
that were consisten tly underexpressed in_ Ori3 cells 
exposed jo EtBr durin g _ long- term culture, and the 
sequences of these clones showed similarity to those of 
RNase L inhibitor, a vesicle transport protein (ARCNl) 
and human tissue factor. These results were consistent 
when RNA was extracted from a number of Ori3 cell 



populations that had been treated with EtBr on separate 
occasions. Further studies ar c _ required t o confirm 
whether these genes a r e s imila rly affec ted in non-Ori3 ^ 
jell line s. ' " 

RNase L inhibitor is a factor in the interferon- 
rcgulatcd 2-5A system thought to play a key role in the 
control of RNA stability [24]. It may also play a part in 
transducing interferon function. The expression of 
RNase L inhibitor has been shown to be tightly cor- 
related with cellular growth rates and the state of cell 
differentiation [25]. Furthermore, the activity of the 2-5A 
system is dependent upon ATP levels [26]. Thus the ATP 
deficiency within EtBr-treated cells might explain the 
down-regulation of RNase L inhibitor. While it could be 
postulated that RNase L inhibitor deficiency in p° cells 
may contribute to generalized RNA instability, and that 
this might play a role in disease development, there is 
currently no direct evidence to support this contention. 
Similarly, the reduced expression of human tissue factor 
in p° cells is difficult to link directly to the phenotypes 
seen in the various human mitochondrial disorders. We 
are unaware of any published reports of the levels of 
human tissue factor or other components of the co- 
agulation pathway in patients with stroke-like episodes . 
associated with MELAS syndrome. 

The finding of decreased expression of an ARCNl -like 
sequence, which is related to proteins involved in vesicle 
structure and trafficking [27], is of interest, given the 
frequent occurrence of endocrine disturbance in patients 
with mitochondrial disorders. In particular, diabetes 
associated with mtDNA defects is characterized by 
impaired glucose-stimulated insulin secretion. Studies in 
cybrid cells have suggested normal levels of insulin 
mRNA in mtDNA-dcpleted rodent islet cells with a 
defect of vesicle-mediated insulin release [28]. The 
presence of ARCNt mRNA has been detected in 
pancreatic tissue in association with insulin secretory 
vesicles [27J. Therefore the possibility exists that de- 
creased expression of this or another vesicle transport 
protein may underlie the endocrine disturbance seen in 
some patients with mitochondrial diseases. 

Tn summary, DDRT-PCR of wild-type and EtBr- 
trcatcd Ori3 cells reveals that most nuclear genes, 
including those coding for subunits of the oxidative 
phosphorylation pathway, show no obvious change in 
expression on EtBr treatment. Some genes arc differ- 
entially expressed and, although it is possible to speculate 
on possible links with mtDNA depletion and the 
mitochondrial disorders, furt her stud ies will be required 
tp_jdyjddaj£_w^ to mtDNA 

depletion, ATP deficiency, or perhaps direct effects of 
EtBr on nuclear genes that are entirely independent of the 
effects on_ mtSNA and ATT production. The EtBr- 
induced p n model will continue to be valuable in isolation 
as a model of mitochondrial disease and also for the study 
of pathogenic mtDNA mutations. 
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